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Abstract . The concept of activated recombination of atomic species on 
surfaces is capable of explaining the production of vibrationally and 
translationally excited desorbed molecular species. Equilibrium statis- 
tical mechanics predicts that the molecular quantum state distributions 
of desorbing molecules is a function of only the surface temperature when 
the adsorption probability is unity and independent of initial collision 
conditions. In most cases though the adsorption probability is dependent 
upon initial conditions such as collision energy or internal quantum 
state distribution of impinging molecules. From detailed balance, such 
dynamical behavior is reflected in the internal quantum state distribu- 
tion of the desorbing molecule. A number of surface-atom recombination 
systems demonstrate this "nonthermal" behavior: H 2 -Cu,N 2 “Fe,C 02 ~Pt, etc. 
It is proposed that this concept, activated recombinative desorption, may 
offer a common thread in proposed mechanisms of spacecraft glow. Ground- 
based experiments are proposed which will complement flight investiga- 
tdons probing the mechanism of the glow phenomenon. Using molecular beam 
techniques and equipment available at Los Alamos, which includes a high 
translational energy O-atom beam source, mass spectrometric detection of 
desorbed species, chemiluminescent/laser-induced fluorescence detection 
of electronic and rovibrationally excited reaction products, and Auger 
detection of surface-adsorbed reaction products, we propose a fundamental 
study of the gas-surface chemistry underlying the glow process. This 
would lead to the development of materials that could alter the spectral 
intensity and wavelength distribution of the glow. 

Introduction 


Interaction of the low-Earth orbit (LEO) environment with ram-oriented 
spacecraft surfaces may involve both gas-surface and gas-phase components 
whose relative importance is poorly understood. From conservation of 
flux arguments the ram pressure can be 30 to 100 times the ambient LEO 
pressure depending upon the extent of gas-phase equilibration with the 
surface temperature. At low-altitude pressures as high as 10 ^ torr may 
be present near ram surfaces, which could produce glow from the low rates 
of rotational and vibrational excitation produced by collisions with 
ram-directed 0-atoms (5 eV) or N 2 (11 eV) as well as ion or electrons. An 
alternative mechanism to gas-phase excitation lies in desorption of vib- 
rationally excited recombination or surface reaction products through 
activated recombination. Molecules not normally found in LEO can be 
formed by recombination of oxygen and nitrogen atoms on spacecraft sur- 
faces as well as reactions of 0-atoms with the surface substrate atoms 
forming species such as OH, CO, C0 2 , CN, NO, etc.; all of which may con- 
tribute to chemiluminescent glow through activated desorption. 
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Activated Recorabinative Desorption 


Figure 1 is a schematic potential energy representation of molecular 
and atomic particle interactions with a solid surface which illustrates 
the concept of activated r ec.ombi native desorption. Collisions of gas- 
phase molecules with a surface can result in physisorption of the mole- 
cule into a precursor van der Waals potential well or chemisorption into 
a dissociative atomic state by crossing from the molecular to the atomic 
state curve. In many cases a barrier must be surmounted to cross to the 
atomic state resulting in an activation energy for adsorption in 
molecule-surface collisions while adsorption of atomic species is rarely 
limited by barriers. The reverse process, molecular desorption, is ac- 
companied by the release of molecules having a high translational energy; 
i.e., atomic recombination occurs with the molecule being born at an 
elevated potential and leaves the surface with this energy. A number of 
examples [Comsa and David, 1982; Kubiak et al . , 1984; Robota et al . , 

1985] involving hydrogen can be found in the literature which show that 
H 2 desorbs with translational temperatures as high as 2000 K and with 
vibrational populations 50 times greater than expected from an equilib- 
rium ensemble at the surface temperature of 300 K. Molecular nitrogen 
[Thorman and Bernasek, 1978] exhibits high vibrational excitation in the 
ground electronic state when desorbing from iron. Vibrational excitation 
of C0 2 produced by oxidation of CO on platinum [Brown and Bernasek, 1985] 
has been observed with the extent of excitation decreasing with increas- 
ing surface coverage of oxygen. In these cases the desorbing molecule 
loses memory of the initial conditions prevailing before desorption and 
is only influenced by its position at birth. 

Even though there can be extensive etching of surfaces in LEO, oxygen 
or nitrogen atom reactions with spacecraft surfaces to produce excited 
products seem to be ruled out by the fact that most surfaces exposed to 
the ram direction glow with intensity variations of 2 to 3, i.e., that 
the glow is independent of surface composition. This suggests that 
surfaces simply act as a third body to catalyze recombination of exist- 
ing atomic species found in LEO, most probably oxygen and nitrogen at- 
oms. Since the altitude dependence of the glow intensity follows that 
of atomic and not molecular species, N 2 seems to be ruled out as a reac- 
tion partner with 0-atoms, but it has been proposed [Swenson et al., 

1985] that nitrogen atoms may be the reactant controlling the glow in- 
tensity. This suggests that the following reaction sequence may be one 
of the major components in the glow mechanism 

0(s) + N(s) + surface + N0(s) + surface (1) 

0(s) + N0(s) + surface * N0* 2 (g) + surface (2) 

where the surface acts as a third body to stabilize the newly formed 
molecules before desorption. Many investigations have been performed on 
the reaction 

0 3 + NO 0 2 + N0 2 (3) 

which have shown that N0 2 can be formed with substantial vibrational 
[Kahler et al., 1984] energy, and our work [van den Ende et al., 1982] 
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shown in Figure 2 shows both internal and translational excitation of the 
N0 2 product* Though it may be stretching the point a bit to consider (3) 
as a reaction of O-atoms on an oxide surface (0 2 ) with NO, nevertheless 
the results indicate that N0 2 formed from this reaction possesses the 
characteristics needed to fit the glow data, i.e., long life time (tens 
of microseconds) and strong spectral emission in the infrared ( 1 — 3 u). 
Indeed it has been demonstrated [Brown and Bernasek, 1985] that vibra- 
tionally excited C0 2 is produced through oxidation of CO on platinum 
surfaces and chemiluminescence is observed in the gas phase. Satellite 
mass spectrometer measurements [Engebretson and Mauersberger , 1979] have 
shown formation of NO and N0 2 on surfaces in the ion source region, but no 
direct measurements of nitrogen oxide desorption from spacecraft surfaces 
haveyet been made to confirm this hypothesis. High signal- to- noise mass 
spectrometric investigations of the spacecraft environment will be needed 
to identify the presence of N0 2 . 


Gas-Phase Excitation 


Even though activated recombinative desorption seems an attractive 
idea to explain spacecraft glow, there is no conclusive evidence from 
LEO experiments to support it and there may in fact be several mecha- 
nisms in operation which come into play as the concentration of species 
changes. N0 2 could indeed be formed at high surface coverages of oxygen 
and desorb in its ground state with subsequent excitation by gas-phase 
collisions with ion, electron, or neutral species. A combination of 
molecular beam scattering experiments and theory will be needed to de- 
termine cross sections for high energy 0-atom excitation processes in 
order to realistically assess the contribution of gas-phase collisions 
to the glow phenomenon. 


LEO Experiments 

Extensive experimental data are needed from LEO in order to narrow 
down the possible mechanisms of spacecraft glow. Both high-resolution 
spectroscopic information and simultaneous mass spectrometer detection 
of surface-desorbed species will be necessary to distinguish between 
various proposed models. To study etching and glow mechanisms a mass 
spectrometer with high sensitivity and differential pumping and the 
ability to use modulation techniques will be needed in order to deter- 
mine concentrations of reactants as well as surface reaction products. 
Existing mass spectrometers could be retrofitted with ion counting de- 
tectors, choppers for performing modulated molecular beam detection, and 
molecular shields for differential pumping. A strong emphasis should be 
placed on using state-of-the-art techniques in future LEO experiments. 

Los Alamos LEO Simulation Facilities 

A 5-eV O-atom source is being developed [Cross and Cremers, 1985] at 
Los Alamos that will be capable of delivering fluxes of 10^~17 O-atoms/ 
cm^-s to a sample surface for materials testing, ground-based calibra- 
tion of flight hardware, and fundamental investigations of etching and 
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glow mechanisms. The source is based upon the use of C0 2 -laser- 
sustained discharge techniques and using a 70-W laser has demonstrated 
translational temperatures of 9000 K in xenon. Calculations predict 
that similar discharges in helium will produce velocities in excess of 
10 km/s but will require laser powers of 1 kW or greater. We have re- 
cently demonstrated operation of this concept at 400 W of laser power in 
argon and 30 % oxygen for 2 hours using a boron nitride nozzle. We are 
presently integrating this laser (maximum power of 700 W) with the Los 
Alamos Molecular Beam Dynamics Apparatus 1 (LAMBDA 1 ) to obtain 0-atom 
beam velocity distributions. 

LAMBDA 1^ [Cross, 1984] shown in Figure 3» is being configured to test 
and calibrate a mass spectrometer (provided by AFGL) which is to be flown 
on STS to detect surface -desorbed etching reaction products as well as 
reactants in the ambient atmosphere. Our objective will be to use the 
high-energy laser sustained 0-atom source to 1) determine detection 
sensitivity for 5~eV 0-atoms and etching reaction products, 2) demon- 
strate the advantage of modulated phase-sensitive detection techniques in 
LEO experiments, 3) determine the contribution to LEO observations from 
gas-surface reactions occurring in the ion source, and 4) calibrate the 
AFGL mass spectrometer against the LAMBDA 1 mass spectrometer detector in 
order to relate ground-based investigations to LEO observations. This 
effort will provide the unique ability to directly compare future studies 
of etching mechanisms with LEO experiments and to provide an 0-atom test- 
ing facility for use in materials development programs. LAMBDA 1 has 
demonstrated [Pack et al. , 1982] high sensitivity and resolution in meas- 
urements of gas-phase collision dynamics and could also be used to meas- 
ure elastic, inelastic, and reactive high-energy 0-atom collision cross 
sections that would be used in future glow modeling. 

Though LAMBDA 1 can be configured to also detect chemiluminescence, 
LAMBDA 2, shown in Figure 4, is better suited for these types of experi- 
ments and provides the instrumentation to detect reaction products from 
beam-surface scattering by 1) mass spectrometry, 2) chemiluminescence, 
or 3) laser-induced fluorescence in a UHV environment as well as provid- 
ing surface characterization using Auger or XPS/UPS spectroscopy. Beam 
sources developed for the LAMBDAS are interchangeable between the two 
instruments, thus allowing comparison of results. We propose using this 
machine to investigate surf ace- catalyzed, gas-phase chemiluminescence 
produced by the interaction of high-energy oxygen and nitrogen beams 
with spacecraft materials. Representative surfaces would be exposed to 
anN/0 atom beam, and measurements of 1) translational energy using time 
of flight techniques and 2) internal energy using laser-induced fluores- 
cence would be performed to determine the extent of excitation. Through 
the combined use of LAMBDA 1 and 2 a complete picture of etching and 
glow mechanisms can be obtained, which would lay the basis for design of 
materials and processes for use in low-Earth orbit. 

Conclusion 

To achieve a sustained presence in low-Earth orbit new and novel mate- 
rials will need to be developed that can resist the effects of long-term 
0-atom exposure. Heat rejection systems will require high temperature 
surfaces that will not erode or alter their IB emissivity over long peri- 
ods of time (20 years). High strength- to-weight ratio epoxy-fiber com- 
posite structural materials will need protective coatings for long-term, 
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maintenance-free operation while silver interconnects on solar cell pan- 
els will require coatings or be replaced with more inert material. Meth- 
ods for controlling or eliminating ram surface glow need to be devised to 
provide optimum conditions for infrared astronomy and Earth viewing. 

Before new materials can be devised, a basic understanding of etching and 
glow mechanisms will be required after which optimum design parameters 
for materials can be decided upon. Activated recombinative desorption of 
reaction products from surfaces may be a common thread in mechanisms of 
spacecraft glow, but a great deal of basic research into gas-phase and 
gas-surface dynamics will be needed to fully explain this phenomenon. 

Los Alamos is uniquely equipped with instrumentation and staff to 
collaborate with NASA in fundamental investigations of LEO material prob- 
lems. A traditional strength of the Laboratory is materials chemistry 
and physics from which facilities have been developed for, ion microprobe 
investigations of subsurface bulk diffusion processes [Thompson et al . , 
1983], surface chemistry and physics [Campbell and Paffett, 1984], and 
theory [Doll, 1985] of gas-surface processes. The combination of LAMBDA 
1 used for mass spectrometric angular and translational energy particle 
detection, LAMBDA 2 used for internal state and fixed laboratory angle 
translational energy detection, and the high-energy O-atom source repre- 
sents an additional unique resource that can be focused to provide solu- 
tions to the challenges of extended operation in low-Earth orbit. 
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Fig. 1. Potential energy diagram representing activated desorption. 
Molecules colliding with a surface can be trapped in a 
molecular precursor well or with sufficient collision energy 
to surmount the barrier EA and cross to the dissociative 
atomic state curve and be chemically trapped. In most cases, 
desorption occurs with the expulsion of molecules Xp rather 
than X, and the molecule exits the surface with energy EA. 

In some cases (see Comsa and David [1982]), the two-dimensional 
surface has holes in it and molecules can exit over the barrier 
and are not affected by surface temperature, while other mole- 
cules come from states without barriers and are accommodated to 
the surface conditions. 
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Fig. 2. Center-of-mass contour map of the NO 2 flux distribution 
obtained from laboratory angular and time-of-flight 
distribution measurements by performing a 1-Newton dia- 
gram transformation of the gas-phase data. There is a 
narrow backward NOg peak and a broad sideways peak which 
are clearly separated. The outer circle indicates the 
velocity of MOg when all available energy is put into 
translation while the inner one gives the maximum velocity 
at which chemiluminescence is possible. The majority of 
product has high internal excitation. NO 2 formed by re- 
combination of NO + 0 on oxide surfaces may exhibit simi- 
lar dynamics. 
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TOP VIEW 



Fig. 3. Los Alamos Molecular Beam Dynamics Apparatus 1 (LAMBDA l) showing 
the central portion of the instrument including the molecular beam 
source, sample manipulator-molecular "beam intersection zone, and a 
portion of the movable detector. The detector is an electron bom- 
bardment i oni zer- quadrupole mass spectrometer suspended from the 
rotatable lid of the main vacuum chamber for the measurement of an- 
gular distributions. Also shown is a time-of-f light chopping 
wheel, which allows for 50$ transmission efficiency and time-of- 
flight measurement by cross correlating the data with the sequence. 
Pumping on the scattering chamber is accomplished with a liquid 
nitrogen cryoliner, turbomole cular pump, and a closed-cycle gaseous 
helium cryopump. Pressures of 10 - ® to 10 ~9 torr are obtained in 
the scattering chamber. 
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Fig. 4. LAMBDA 2. This figure shows a detailed view of the central portion 
of the apparatus that consists of a nozzle chamber, a differential 
pumping chamber containing flags, choppers, and a slotted disk 
velocity selector; and a UHV ( 10-^0 torr) chamber containing a cyro- 
shroud, sample manipulator, surface analysis equipment consisting of 
LEED and Auger units, provision for collecting fluorescence light 
and laser-induced fluorescence signals. A quadrupole mass spectro- 
meter (not shown) with two stages of differential pumping and a cross 
correlation time-of-flight chopper is opposite the LEED unit and is 
limited to a fixed laboratory angle. 
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